The composition of chlorophyll-precursor pigments, particularly the contents of monovinyl (MV) and divinyl (DV) protochlorophyllides (Pchlides), in etiolated tissues of higher plants were determined by polyethylene-column HPLC (Y. Shioi, S. I. Beale [1987] Anal Biochem 162: 493-499), which enables the complete separation of these pigments. DV-Pchlide was ubiquitous in etiolated tissue of higher plants. From the analyses of 24 plant species belonging to 17 different families, it was shown that the concentration of DV-Pchlide was strongly dependent on the plant species and the age of the plants. The ratio of DV-Pchlide to MV-Pchlide in high DV-Pchlide plants such as cucumber and leaf mustard decreased sharply with increasing age. Levels of DV-Pchlide in Gramineae plants were considerably lower at all ages compared with those of other plants. Etiolated tissues of higher plants such as barley and corn were, therefore, good sources of MV-Pchlide. Absorption spectra of the purified MV-and DV-Pchlides in ether are presented and compared.
atives have been accomplished mainly by fluorescence spectroscopy at low temperature (1, 10) or by TLC using polyethylene as a support (11) . We previously developed a separation technique for the mixture of MV-and DV-pigment derivatives by HPLC using a polyethylene column and simple elution with aqueous acetone (6) . Our experimental system allowed the rapid separation of these pigment mixtures with high resolution and sensitivity at the picomole level.
We attempted to quantitate MV-and DV-Pchlides in etiolated tissues of higher plants by means of our HPLC system. The analytical data obtained from 24 plant species belonging to 17 different families and different ages showed the ubiquitous occurrence of DV-Pchlide in addition to MV-Pchlide in etiolated leaves of higher plants. Our results also give further information on changing levels of MV-and DVPchlides during dark growth.
MATERIALS AND METHODS

Plant Materials
Etiolated tissues of higher plants accumulate the Chlprecursor pigments Pchlide and its esterified form, Pchl.2 Considerable experimental evidence indicates that these pigments are not chemically homogeneous; Pchlide consists of MV3 and DV derivatives (1) (Fig. 1) , and Pchl comprises at least four species esterified with different alcohols (9) . Tripathy and Rebeiz (10) reported that in higher plants, MV- and DV-Pchlides were formed from MV-and DV-protoporphyrin via MV-and DV-monocarboxylic biosynthetic routes, respectively. They also described four types of greening groups in higher plants on the basis of MV-or DV-monocarboxylic biosynthetic routes that predominate at night or in daylight (11 All plants seeds were purchased from a local market. Seeds of each plant were germinated in wet cotton at 250C in the dark for 1 to 10 d.
Pigment Extraction
After various culture periods, etiolated tissues (0.5-1 g) were ground with a small volume of cold (-200C) absolute acetone. Extraction was repeated two to three times to ensure maximum extraction. The acetone extracts were combined and filtered through a membrane filter to be used as a sample for the HPLC analysis. All operations were carried out under a low-intensity green safelight.
Standard ChIs DV-Pchlide was extracted and purified from the growth medium of Rhodobacter sphaeroides grown in the nicotinamide-enriched medium as described previously (7) . MVPchlide was obtained from the acetone extract of 6-d-old etiolated leaves of barley (Hordeum vulgare L.). Prior to column chromatography, MV-Pchlide was separated from Pchls by phase separation according to the procedure of Lancer et al. (4) and then purified by polyethylene column (1 x 10 cm) chromatography with 90 or 100% acetone as the mobile phase. which are necessary for the separation of polar pigments by the usual reversed-phase method (8) .
Typical elution profiles of MV-and DV-Pchlides extracted from three representative species of etiolated tissues are shown in Figure 2 . Complete separation of MV-and DVPchlides was obtained under the present conditions. Peaks 1 (retention time = 15.6 min) and 2 (retention time = 23.8 min) were identified as MV-and DV-Pchlide, respectively, by comparison of their retention times and absorption properties with those of the authentic sample.
The relative amounts of DV-Pchlide to total Pchlide were analyzed in a variety of etiolated tissues from 24 plant species belonging to 17 different families (Table I) . DV-Pchlide was 
HPLC Analysis
HPLC and column packing methods were similar to those previously recorded (6) . A Shimadzu model LC-3A or LC-6A HPLC unit was used with a self-packed polyethylene column (4.6 x 250 mm). The pigments were eluted isocratically at 200C with a 70% acetone/water mixture (v/v) at a flow rate of 0.2 mL/min and were detected fluorometrically using excitation and emission wavelengths at 430 and 640 nm, respectively. In this study, we used a 70% (v/v) acetonewater mixture instead of 65% to elute the pigment more rapidly. HPLC peaks were identified by comparison of their retention times and fluorescence maxima with those obtained from authentic pigments. The retention times were also determined by cochromatography with authentic samples, because of the poor reproducibility of the polyethylene-column HPLC (6) . Concentration of MV-and DV-Pchlides were determined by fluorescence emission using individual standard curves (see ref. 6 , figure 8 ).
RESULTS AND DISCUSSION
The polyethylene-column HPLC used in this study is par (11) . The contents of DV-Pchlide in leaf mustard and cucumber are strongly dependent on their age and decrease rapidly as shown below (see Fig. 4 ). Therefore, 'DV-Pchlide plants' may be explained as the plants that have high contents of DV-Pchlide at an early dark stage. The elution profiles of MV-and DV-Pchlides extracted from three different ages of etiolated tissues of leaf mustard were compared after normalizing the contents of MV-Pchlide (Fig. 3) . The contents of DV-Pchlide of 6-and 1 1-d-old samples were apparently much lower than those of 2-d-old samples on the basis of MV-Pchlide. The relative content of DV-Pchlide to total Pchlide in etiolated tissues of three representative species of higher plant described above were investigated as a function of age (Fig. 4) . In 2-d-old etiolated tissues, leaf mustard and cucumber contained about 84 and 52%, respectively, of the total Pchlide as DV-Pchlide. The relative content of DV-Pchlide to total Pchlides in both plants decreased sharply with increasing dark growth and reached a low level of about 5% at 8 d of growth. A similar sharp decrease occurred in radish and pumpkin (data not shown). However, the DV-Pchlide content of com is considerably lower throughout dark growth; it was about 5% even at maximal stage of 3 to 4 d and finally decreased to 1%. A low level of DV-Pchlide was also observed in barley and wheat (data not shown). These results indicate that the ratio of DVPchlide to MV-Pchlide in high DV-Pchlide plants decreased sharply with increasing age. As shown in the cucumber (Fig.  5) , not only the ratio of DV-to MV-Pchlide, but the total content of DV-Pchlide also decreased with age, whereas the total amount of pigments increased. The content of MV- Pchlide in etiolated tissues of cucumber increased with age after a lag (Fig. 5) Concerning the biosynthesis of MV-Pchlide, Griffiths (2) proposed a model in which the extent of MV-Pchlide accumulation would depend on several factors. These include the activity of the 8-vinyl reductase that catalyzes reduction of the 8-vinyl side chain, the availability of reductant for the enzyme, and also the time in darkness, all of which might be different in different species. According to this model, the predominant accumulation of MV-Pchlide in dark-grown cereals and most DV-Pchlide accumulation with lesser amounts of MV-Pchlide in dark-grown cucumber could be explained on the basis of either the activity of 8-vinyl reductase and/or the abundance of reductant. The time of darkness may be necessary for the generation of reductant and/or reductase.
There are several reports on the spectral properties of DVPchlide (3, 5, 7, 12) ; however, only one report is available on the Pchlide specifically designated as MV-Pchlide (1) . In this study, we found that MV-Pchlide could be purified selectively and effectively by choosing specific plant materials at certain ages. Plants of the Gramineae family such as barley and corn were good sources for the preparation of MVPchlide because of their low DV-Pchlide content. In fact, 6-d-old etiolated tissues of barley contained less than 1% of total Pchlides as DV-Pchlide. The absorption spectral properties are shown in Figure 6 and Table II, respectively. The absorption spectrum of purified MV-Pchlide from barley showed absorption maxima similar to those of conventional Pchlide at 622.5, 569, and 431.5 nm. As has been reported, absorption peaks of DV-Pchlide are slightly red-shifted compared with those of MV-Pchlide. The purified DV-Pchlide from R. sphaeroides had absorption maxima at 624, 573, and 437 nm. A shoulder around 435 nm was observed in the Soret band of MV-Pchlide, but not in that of DV-Pchlide.
In conclusion, our results confirmed that the ubiquitous occurrence of DV-Pchlide in addition to MV-Pchlide in etiolated tissues of higher plants and provide further information concerning the changing levels of MV-and DV-Pchlides during dark growth.
